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An Electro-Optically Tunable Bragg Reflector Based
on Liquid Crystals
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In this paper we report the analysis of a distributed feedback guided-wave reflector in
liquid crystals and we describe the main properties of the device. The device is based
on a comb-shaped interdigitated electrodes and a liquid crystal slab. The device shows
a wide tuning range exceeding 100 nm covering C and L bands for wavelength division
multiplexing.

Keywords Optical waveguides; liquid crystals; electro-optic effect

Introduction

Bragg reflectors are key elements for a variety of applications such as spectral filter-
ing [1,2], tunable lasers [3], polarization dispersion compensation and manipulation [4],
multi/demultiplexing [5], spectrometry [6], and sensing [7]. Among the waveguides em-
ployed to date we mention those in polymers [8], silicon-on-insulator (SOI) [9], hollow
capillaries [10], lithium niobate [11], silica [12], metal-insulator-metal [13] and liquid
crystals [14-18].

Bragg tuning has been proposed and implemented thermo-optically [9], mechanically
[19], acousto-optically [20], electro-optically [14] and opto-optically [21]. The largest
thermo-optic tunings were obtained in SOI rib guides (18 nm) [9] and in polymeric gratings
(between 20 and 30 nm) [3,8]. Wavelength shifts of about 45 nm were reported by tensile
strain on a flexible polymeric waveguide [2] and of more than 90 nm in silica via mechanical
beam-bending [19]. Tuning over 76 nm was achieved acoustically in LiNbO3 [20], and over
160 nm by piezoelectric actuators in hollow waveguides [10]. Tunable Bragg gratings were
also realized with liquid crystals exploiting their large electro-optic response [22].

Device Geometry

The device structure is a planar waveguide as sketched in Figure 1. It consists of a nematic
liquid crystal (NLC) layer sandwiched between two parallel glass plates with refractive
index 1.5 at . = 1550 nm. The inner face of one of them is coated with a pair of comb-
shaped interdigitated 100 nm thick ITO transparent electrodes as shown in Figure 1.

*Corresponding author. E-mail: gilardi @die.uniromal..it

62



Downloaded by [University of California, San Diego] at 12:18 07 August 2012

Electro-Optically Tunable Bragg Reflector 63

Both electrodes are periodic along z and symmetrically located with respect to y = 0.
ITO electrodes are 100 nm thick, with complex refractive index 1.3 4 i0.1 at A = 1550 nm.
The electrode dimensions are a = b = 500 nm, ¢ = 250 nm, t = 250 nm and T = 500 nm.
For single-mode operation at > = 1550 nm we consider an NLC layer thickness h =1 um.
For the NLC we consider the standard mixture E7 (with extraordinary refractive index
ne = 1.689 and ordinary refractive index n, = 1.5 @1550 nm). Planar anchoring of the
NLC molecular director (optic axis) is assumed at the glass interfaces. We also assume a
pre-twist angle of about 4° with respect to z in order to eliminate the Fréedericks threshold
[19, 23].

Working Principle

The electrode topology and the NLC parameters need to be selected in order to achieve
high coupling between an injected transverse electric (TE) optical beam and the voltage
induced Bragg grating over a finite propagation distance. Moreover, the applied voltage is
intended to increase the index in an NLC finite region along y ensuring two-dimensional
(2D) transverse confinement of light injected in a thin film slab. The external voltage forces
the rotation of the director in the bulk, yielding the formation of a periodic grating defined
by the electrode topology.

Figure 2 shows molecular reorientation without 2(a) and with 2(b) applied voltage.
At V = 0V the director is aligned along z because of anchoring. An applied voltage can
induce reorientation. The resulting twist is larger in the regions where the inter-electrode
separation is minimum (b) as compared to those where the separation is maximum (b +
2¢). The low-frequency voltage applied between the electrodes has a double effect. Firstly,
it creates an average increase of refractive index in a finite channel in y and parallel to z

«— Upper glass

Liquid crystal

Bottom glass

Figure 1. 3D view of the device.
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Figure 2. Liquid crystal reorientation above the electrode area for (a) V =0 and (b) V > OV.

with an additional periodic modulation and secondly it produces a 2D channel waveguide
with a superimposed phase grating for TE propagation along z.

Device Analysis

We obtain the director distribution solving the voltage-dependent molecular reorientation,
and finally we calculate the profile of the refractive index n. for extraordinarily (e-) polarized
light, i.e. for electric field vectors in the plane xy. Figures 3 shows the e-index profile for
two values of the bias in two transverse sections along z, where the electrode separations
are b 4+ 2c (z =0 pum) and b (z = 0.25 pm), respectively.

() x(pum)
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Figure 3. Refractive index profile for e-polarization in (a,c) z = 0.25 um and (b,d,) z = 0 um. The
biasis 2.4 Vin (a,b) and 5 V in (c,d).
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Figure 4. Refractive index modulation along z for applied voltages between 3 V (red bottom line)
and 7 V (violet top line) in 1 V steps, evaluated 200 nm above the electrodes and in the symmetry
axis between them (y = 0).

A beam propagator was used to calculate the transverse profile of the guided field
distribution at a given wavelength and for each applied voltage. Due to the particular
choice of parameters, only the fundamental order TEyy mode propagated in the structure.
The periodic separation between the electrodes yields a modulated strength of Ey and,
correspondingly, the index grating sought along z. Figure 4 displays the index modulation
in a 6-period region along z, evaluated in x = 0.2 um and y = O for various biases between
3Vand7V withastepof1V.

The modulation is sinusoidal with a 0.5 um period, maximum when the electrode
spacing is minimum (i.e. equals to b). Figure 5 graphs the resulting index contrast versus
voltage between 0 and 13 V.

We can define four different zones for the voltage V: A) V < 2.4V, the applied voltage
is too low to create a grating; B) 24 V < V < 5 V the NLC, comprised in the region
with minimum inter-electrodes distance, starts to reorient and for V = 5 V it reaches the
saturation; C) 5 V < V < 12.3 V, only the un-saturated NLC region can still reorient,
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Figure 5. Longitudinal modulation versus applied voltage.



Downloaded by [University of California, San Diego] at 12:18 07 August 2012

66 G. Gilardi et al.

8.7V

Notinalized Bragg reflectivity

103V
1.51 1.52 1.53 1.54 1.55 156 L57 1.58 1.59 1.60 1.61 1.62 163 164

Wavelength (qun)

Figure 6. Normalized spectral reflectivity for various voltages and propagation over 1.5 mm (3000
periods), evaluated 200 nm above the electrodes and in the symmetry axis between them (y = 0).
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Figure 7. (a) Quality factor Q and (b) normalised Bragg reflectivity versus voltage for a few propa-
gation lengths L in mm: 0.5 (blue), 1.5 (red), 3 (green), 5 (violet), 8 (black). All values are evaluated
200 nm above the electrodes and in the symmetry axis between them (y = 0).
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resulting in a progressive reduction of the index modulation; D) V > 12.3 V the whole
NLC is reoriented with director //y and a negligible index contrast.

Based on the e-index distribution and using coupled mode theory, we calculated the
resonant Bragg wavelength for TE light propagating over 3000 periods, i.e. a grating length
of 1.5 mm as shown in Figure 6.

The reflected wavelength at resonance red shifts with applied biases of a few volts,
providing an extended tunability of & 104 nm with a reflectivity R = 50% while maintaining
a good spectral selectivity.

Figure 7(a) and 7(b) report the plots of the quality factor Q and the Bragg reflectivity
versus bias respectively for various reflector lengths, from 0.5 to 8.0 mm. Q is defined as
MFWHM, where FWHM stands for Full Width at Half Maximum representing the reflector
optical bandwidth. Furthermore, it is worth to observe that modest change of the bias can
significantly alter the reflectivity, for a given propagation length. For instance, R increases
from 30 to 100% (70 to 100%) as the voltage changes slightly from 2.8 to 4.5 V, in the
case of a length L = 1.0 mm (2.0 mm). The behaviour of Q is due to the FWHM, which
increases when the index modulation increases.

Conclusions

We have proposed and numerically analyzed a tunable NLC waveguide Bragg reflector with
a simple geometry and comb-shaped coplanar electrodes. The device provides transverse
light confinement and periodic index modulation, yielding high reflectivity in a wide tuning
range of 104 nm for voltages between 2.5 and 10.2 V. This novel geometry provides ease of
fabrication and a simple electro-optic control. The tuning range of the proposed device is
comparable or better than the largest values reported in literature and allows electro-optic
operation throughout the whole C+L band of wavelength division multiplexing systems.
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